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Abstract 
The single-row reciprocating expander units and elements heat flows and temperature state forecasting results obtained on the 
basis of the programme KOMDET-M and calculation complex ANSYS are represented in the paper. The single-row expander 
temperature field dependence on the moving and fixed stage elements design features and materials properties, exhaust chamber 
and outlet parth geometry, external and internal thermal insulation availability and unit base elements cooling methods was 
examined in the course of numerical experiment. Isentropic efficiency ηs 
which maximum level corresponds to the gas final 
temperature minimum of the stage exhaust chamber Tf is accepted as the perfection criterion of the obtained engineering 
solutions. The application of the expander stage nonmetallic body having additional internal thermal insulation combined with 
defining and calculation explanation of optimal volume values, heat exchange surface area, exhaust chamber channels form and 
section as well as advanced valves and base elements cooling schemes at the design stage was shown to produce a positive effect 
in low and medium pressure low-consumption expanders at the shaft speed of n ≤ 50 s-1. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The characteristic tendency of the reciprocating expanders development at the present stage is the unification due 
to the bases with multiple-row high-speed compressors thus making it possible to predict the specific weight and 
dimensional parameters decrease, designed expanders high efficiency and reliability under expander stages 
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providing with the conceptually new gas distribution system [1]. Alternatively, the expander efficiency depends on 
the heat flow rate to the working fluid from the unit base and expander stage elements having elevated temperature 
including "stage casing - cylinder liner" assembly with space between them forming the exhaust chamber, end valve 
plate and piston. Heat gains reduction is possible to be achieved by means of the stage elements construction 
changes, nonmetallic materials application, exhaust chamber form and dimensions changing, thermal insulation and 
cooling scheme improving, which is the core of the present study.   
2. The study subject 
The expander-compressor unit prototype vertical row ECU-3Sh 0.5-20-8/1S consisting of the direct-flow 
expander stage DS 0.5-20-8/1S with the single-acting piston which lower part functions as a crosshead was chosen 
as the study subject. In the standard version all the stage elements are made of metal. The feature of construction is 
the cylinder-piston group lubrication absence under the motion mechanism elements consistent grease. The stage is 
equipped with the self-acting normally open inlet valves having spherical shut-off devices. The exhaust ports are 
made on the bottom of the cylinder liner, and their quantity, form, dimensions and position relative to the top dead 
center (TDC) are provided by the complete gas expansion at the moment of piston enters the bottom dead center 
(BDC).  
The study subject technical specification: 
x base nominal force is Pb = 0.5 m 
x working gas is actual air 
x mass flow rate is mnom = 20 (30) kg/hr 
x cylinder diameter is Dc = 50 (≤ 60) mm 
x piston stroke is Sp = 45 mm 
x cylinder working volume is Vh = 88.3125 cm3 
x a number of intake valves is zv = 3 (4) 
x shaft speed is n = 25 s-1 
x initial pressure is Pi = 0.80 MPa 
x discharge pressure is Pd = 0.11 MPa 
x initial temperature is Ti = 293 (303) K 
The relative piston stroke Ci =( S/Sn)i in the cycle fixed points for all the variants is accepted as a constant one: 
С2 = 0.310 … 0.312, С3 = С5 = 0.8667, С6 = 0.011. 
The expanders efficiency improvement requires the following objectives achieving: 
x the temperature field studying of the low pressure single-row direct-flow reciprocating expander without the 
cylinder lubrication, having combined gas distribution system  and crosshead motion mechanism; 
x the evaluation of the various factors influence on the heat gain reduction to gas of the cylinder and in the 
expander stage outlet chamber; 
x the operation processes and expander stages constructions development recommendations justifying which 
contribute to the multiple-row high-speed expanders technical and economical performance improvement.  
3. Methods 
The numerical experiment including the expander stage current and integral parameters complex analysis as well 
as the velocities and temperatures level one of the single-row reciprocating expander RE 0.5-20-8/1S outlet path 
elements is the research methodology basis.  
The study was conducted on the basis of the calculation complex ANSYS CFX [2, 3] and author's method based 
on the compressors and expanders stages operation processes mathematical modelling, supplemented by the 
complex of calculation and empirical dependences obtained when testing domestic and foreign full-scale 
compressors and expanders having various geometrical and operating parameters and working fluids properties. 
KOMDET-M programme is applied by the variety of domestic firms and higher educational institutions of the 
Russian Federation [4, 6].   
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The variable-mass body energy conservation equation of the considered stage cylinder "i" is fundamental for the 
model and is presented in the following form: 
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where j is the chambers number bordering on the cylinder. 
On the basis of I and II thermodynamic laws, the equation for the specific internal gas energy in the cylinder with 
the parameters p and T is possible to be presented in the following form:  
dvpdsTdu  
 
which after simple transformations allows to connect the specific entropy changing 
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with the heat and mass transfer processes in the positive machines stage. When complementing the obtained 
equations complex with the calculated and empirical dependences describing the time varying and average by the 
current heat-exchange surface heat-transfer coefficients proved in papers [1, 7-11, 14], the equation for calculating 
heat quantity ∆Q∆ϕ supplied to gas at the defined calculation step is finally obtained [12, 13]: 
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where Ar.e.-(r.c.) are the calculated and empirical coefficients [1] for the expander stage (r.e.) or 1-2 ...z - 
compressor stage (r.c.). 
The real gas state equation zRTpv  where the compressibility coefficient z is determined by means of the 
Benedict-Webb-Rubin equation [10] modified by B.I. Lee and M.G. Kesler is accepted as a closing one. 
The initial results studying made possible to define the following: 
x Gas heating flowing out of the cylinder through the ports at the average temperature per cycle of Tc.av. occurs in 
the expander exhaust chamber having the volume Vex.ch. and internal heat-exchange surface Fint.s. The heating 
intensity is determined by the value  ∆Tf-c=Tf – Tc.av.= f(V,F,Tw)ex.ch. 
x The numerical analysis of the expander temperature field on the basis of the dynamic models is unreasonable due 
to the "computing" time consumption increasing. 
Thus, the temperature fields analysis method of the standard and a number of retrofitted stages versions was 
accepted at the first stage and was based on the "pressure - temperature - gas velocity" parameters comparison in the 
cylinder and exhaust chamber at the fixed shaft rotation angle of ϕ3 ≤ ϕ• ≤ 180° corresponding to the exhaust ports 
full opening moment (•) in the exhaust area at the close to maximum current gas and time average cylinder walls 
temperatures difference. 
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Fig. 1. ECU-3Sh 0.5-20-8/1S expanders temperature field. 
I - the standard expander stage with metal housing; II - the retrofitted stage: nonmetallic housing, new form, volume and exhaust chamber heat-
exchange surface ( 1 - cylinder head, 2 - valve plate, 3 - thermal insulator, 4 - cylinder working chamber, 5 - liner, 6 - stage housing, 7 - exhaust 
chamber, 8 - crosshead-piston group, 9 - stage outlet pipe, 10 - thermal insulator, 11 - crosshead guide). 
4. Results and discussion 
In accordance with the technical documentation for the standard expander, its grid model (Fig. 1. I) was created 
and a number of boundary conditions was introduced: 
x on the crankcase side in the cylinder - piston group base, the ECU base contact surface known temperature was 
assumed to be equal to 40°C; 
x the cylinder body and head temperature on the outside was assumed to be equal to Tenv.= -20°C  in the natural 
convection conditions at α = 5 W/(m2·K); 
x the test object was divided into two parts with symmetry condition applying for the cut borders taking into 
account the object symmetry. 
The comparison results of the standard (Fig. 1. I) and retrofitted* (Fig. 2. II) expander versions on the assumption 
of the stage exhaust path pressure and temperature acoustic vibrations absence are represented in Table 1. 
Henceforth, the expander stage standard version temperature field is taken as a reference one. 
Table 1. 
Parameters (ANSYS) Dimension Section  
Expander stage version 
Standard (Fig. 1. I) R* (Fig. 1. II) 
Ports gas velocity m/s Exit from the cylinder - Vav.p. 86.1 97.6 
Absolute pressure MPa 
Exit from the cylinder - Pav. of the 
ports 
0.133 0.128 
Bulk temperature К (° C) Exit from the cylinder - Tc.b. 183.8 (- 89.2) 182.9  (- 90.1) 
 
 
*The form, heat-exchange surface and exhaust chamber volume (Vex.ch.=0.5 Vh) were changed; expander stage housing is made of polymer 
material (0 ≤ ∆P ≤ 0.8MPa).  
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Exhaust chamber - Tav.ex.ch. 
Air, Тi = 293 К 
190.0 (- 83.0) 188.5  (- 84.5) 
 
The first study stage results made possible to find the promising ways of cold loss minimization in the single-row 
expander including: 
x exhaust chamber modernization providing for exhaust chamber channels form gas-dynamic improving, exhaust 
chamber volume and internal heat-exchange surface correcting and outlet pipe axis transfer into the exhaust ports 
location; 
x polymer materials for the expander stage housing orientation; 
x ganged piston with a nozzle made of textolite application; 
x base housing and (or) crosshead guide cooling and other factors. 
The numerical experiment results show that the minimal heat gain to gas of the exhaust chamber at the expander 
outlet path pressure fluctuation absence is observed in the case of stage housing producing of polymer materials 
combined with the exhaust chamber channels recommended arrangement (Fig. 1. II) and geometry. The comparison 
of the results represented in Table 1 and calculation results obtained when using KOMDET-M programme made 
possible to establish the practical identity and to recommend applying of the ratio revealing the projected isoentropic 
efficiency coefficient gain ∆ηs connection with the gas final temperature ∆Tf decrease intensity in the expander 
outlet pipe section at the design stage: ∆ηs.1-2 =0.8·∆Tf.1-2 .  
 
 
Fig. 2. The exhaust chamber version. 
There is a fragmentary information about pressure fluctuation influence on the outlet path current and integral 
parameters in the literature [13], consequently, on the working cycle and temperatures field of the expander stage. 
The analysis allows to emphasize the following concepts: 
x For vibration level decreasing the exhaust chamber pressure fluctuation amplitude reduction is typically applied 
(Fig. 2) which is achieved through the mentioned chamber volume Vex.ch. increase. However, similar solution is 
accompanied by exhaust chamber internal heat-exchange surface Fex.ch. and expander outlet final gas temperature 
Tf  growing which results in expander isoentropic efficiency coefficient ηs decreasing. 
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Table 2. Expander stage parameters at the exhaust chamber gas parameters fluctuation obtained on the basis of the programme KOMDET-M 
(Lp=0, dnom. = 30 mm, Кc.w. = 0.5). 
Parameter Dimension 
Exhaust chamber relative volume  
 σ = Vex.ch./ Vh, %  
500 400 300 200 100 50 
Vh= 0.785D2c·Sp cm3 88.3125 
D 
Exhaust chamber, 
Fig. 2 
mm 
100 
dav. 80 
d 60 
 
H = const 
cm 
2.0 
L 8.789 7.0 5.25 3.5 1.7578 0.8789 
Vex.ch.(10.0 : 1) cm3 441.59 351.66 264.94 175.85 88.316 44.159 
Fex.ch.(3.75 : 1) cm2 542.09 452.16 364.24 276.32 188.79 144.64 
КV= LH/2(L+H) cm3/ cm2 0.8146 0.7778 0.7274 0.6364 0.4678 0.3053 
 
mА kg/hr 19.262 19.313 19.337 19.341 19.325 19.160 
Vn.c. nm3/min 0.2664 0.2671 0.2674 0.2675 0.2673 0.2650 
Nind. kW 0.537 0.539 0.536 
Тc.w. 
К 
248.5 247.7 246.6 246.3 247.0 251.7 
Тw.ex.ch. 243 
Тc (w.av. cylinder outlet) 190.0 190.9 190.8 190.7 190.8 191.4 
Тf (w.av.ex.ch.) 205.8 204.3 203.0 202.7 203.5 209.0 
∆Тf-c 15.8 13.4 12.2 12.0 12.7 17.6 
 
ηs - 0.680 0.692 0.702 0.705 0.698 0.655 
 
δР = ∆P/Pf 
% 
5.45 6.36 7.27 
δТ= ∆Т/Тf 2.80 3.18 3.69 4.74 7.86 12.82 
 
x Data presented in Table 2 indicate that for the given form and dimensions (H and L), the heat-exchange surface 
growing Fex.ch. only by 3.75 times corresponds to the exhaust chamber volume increasing Vex.ch. by 10 times.  
 
Therefore, at the design stage taking into account the gas parameters acoustic vibrations in the exhaust tract, the 
parameter KV = Vex.ch. / Fex.ch.=L·H / 2·(L+H) optimal value searching, where the pressure fluctuation amplitude does 
not exceed the accepted values and the heating ∆Tf-c=Tf.av.= f(VuF)ex.ch. of the cool gas supplied from the cylinder 
minimizes in the exhaust chamber, is appropriately to be performed. 
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Fig. 3. The expander stage current parameters at the pressure and temperature fluctuations of the final volume exhaust chamber. 
 
 
The expander stage integral parameters corresponding to the mentioned above condition are represented in Table 
2. Gas current parameters of the cylinder Tc and of the exhaust chamber Tex.ch. represented in Fig. 3 in combination 
with the recorded walls temperature which is average over the current working chamber surface Tw.c.=246,3K  
provide a visual presentation of the cylinder and exhaust chamber heat fluxes at the variable value σ = Tex.ch. / Vh. 
Taking into consideration the obtained results for the expander examined in the given study at Lex.p.=0,           
dnom. = 30 mm, Kw.c.= 0.5, the recommended value is σopt.=200%. 
5. Conclusion 
According to the conducted theoretical research results, the application of the expander stage nonmetallic body 
having additional internal thermal insulation combined with defining and calculation explanation of optimal volume 
values, heat exchange surface area, exhaust chamber channels form and section as well as advanced valves and base 
elements cooling schemes at the design stage was shown to produce a positive effect in low and medium pressure 
low-consumption expanders at the shaft speed of  n ≤ 50 s-1. 
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